S TUDIES in this laboratory, over the past several years, have been concerned with the participation of specific humoral vasotropic factors in the deranged circulatory hemodynamics of experimental hemorrhagic and traumatic shock. These investigations have led to the development of a concept of experimental shock, especially with respect to the phenomenon of irreversibility, which has already been presented in several publications of a descriptive character.1 2 It is the purpose of the present series of papers to provide the experimental evidence from which this concept developed.
When these studies were inaugurated the concepts of shock then current failed to provide an adequate explanation for many of the The work described in this paper weas begun under a contract recommended by the Committee on Medical phenomena of both clinical and experimental shock. It was the consensus that the ultimate collapse of the organism was the consequence of peripheral circulatory failure.3 It was also appreciated that a differentiation must be made between the factors which initiate and those which perpetuate the shock syndrome.4 Among the factors considered to be involved were fluid loss, neurogenic influences,6 changes in capillary permeability' and toxic and humoral agents.8 However, the relative importance of these factors and their specific influence in different states of shock remained unclear. The earlier postulate by Cannon,' Bayliss and others that (leleterious principles resulting from tissue damage initiated the syndrome of traumatic shock and contributed to the fatal outcome, had fallen into disfavor on two scores. There was no clear-cut evidence implicating specific toxic factors, and direct proof was furnished that the initiation of the syndrome was in large measure attributable to a reduction in blood volume secondary to the extravascular loss of fluid in the traumatized limb.9 This latter finding, as well as the favorable effects of blood replacement therapy, served to focus attention on the reduction in the effective blood Circulation, Volume III, January, 1951 42 volume and its immediate circulatory consequences, to the neglect of other factors. However, although the fluid-loss concept per se seemed adequate to explain the initiation and the early manifestations of the shock syndrome, such as hypotension and vasoconstriction, it threw no light on either the nature of the compensatory mechanisms involved or the reasons for their deterioration as the shock syndrome progressed. The latter phenomenon is of particular importance in relation to the development of increasing refractoriness to fluid replacement therapy and eventual iirreversibility, a condition which occurs not only in clinical shock but which can be regularly produced in animals by, standard experimental procedures.
The fluid-loss concept failed to resolve other areas of uncertainty such as the decreased tolerance to blood loss and hypotension in traumatic as compared with hemorrhagic shock, and the death from tourniquet shock of animals whose limbs were tightly taped to prevent significant fluid loss. Attempts have been made to explain the differences between hemorrhagic and traumatic shock on the basis of changes in blood viscosity,'0 an increased participation of the neurogenic vasoconstrictor component,"1 and the phenomenon of sludging. 12 No conclusive evidence was provided for a critical influence of any of these factors.
These inadequacies prompted investigation of the hemodynamic effects of a variety of known agents of tissue origin with a view to determining whether a definite role in the shock syndrome could be assigned to any of these substances. Of the many studied histamine, potassium, kallikirein,'3 adenylic acid, adenosine triphosphate14 and acetylcholine none produced effects which per se related them directly to the peripheral vascular reactions characteristic of either the initial or the terminal decompensatory phases of experimental shock. Other studies revealed numerous alterations in the chemical composition of the blood which apparently reflect the relatively anaerobic character of metabolism during shock 116; however, it was not possible to establish a causal relationship between any of these changes and the specific circulatory derangements associated with the development of irreversibility.
The direction of our own studies was set by the observation of Zweifach, Chambers and their associates,'7"18 using the vascular reactions of the exteriorized omentum and mesentery as an index, that the shock syndrome in anesthetized animals subjected to prolonged hemorrhagic hypotension proceeds in two stages, an initial compensatory and a subsequent decompensatory stage. The initial compensatory phase is characterized by a hyperreactive condition of the terminal vascular bed. This hyperreactivity is manifested by an increase in the intermittent constrictor activity (vasomotion) of the metarterioles and precapillaries; and its extent can be conveniently measured by noting the enhanced responsiveness of these muscular vessels to the topical application of epinephrine. The capillary isehemia which re- sults from the accentuation of the constrictor phase of vasomotion and the consequent restriction of blood flow in the capillary bed to thoroughfare channels, the metarterioles, serve to maintain an active venous return of blood from the tissues despite a reduced blood volume. The ability to respond satisfactorily to transfusion seems to depend upon the maintenance of this type of peripheral vascular activity. However, with the onset and prolongation of more drastic hypotension, vascular changes gradually appear in the splanchnic areas visualized which are antagonistic to the compensatory vasomotor adjustments prevailing in the initial stage, and which eventually disrupt the peripheral circulation. During the decompensatory stage there is a progressive reduction of epinephrine reactivity and a slowing and finally complete suppression of spontaneous vasomotion in the terminal arterioles and precapillaries with resultant relaxation of precapillary sphincters. The predominance of decompensatory influences on the peripheral circulation now leads to an increasing diversion of blood into the capillary side channels from which it is inefficiently returned to the active circulation because of the reduced blood pressure. Once this decompensatory hyporeactive phase has fully developed, a state of irreversibilitv or failure to respond to 43 transfusions is reached. That blood-borne factors are responsible in large measure for the vascular episodes described above was suggested by the passive transference of corresponding effects to similar vessels in the mesoappendix of normal test rats.'9 Thus, blood obtained from animals when the mesenteric vessels are hyperreactive exerts vasoexcitor effects which are manifested by an increased reactivity to topical epinephrine. On the other hand, blood obtained when the mesenteric vessels are hyporeactive exerts a vasodepressor effect in the test rat characterized by a reduction in responsiveness to epinephrine.
This new and important contribution to the theory of shock provided the stimulus for the present studies which were designed to explore the mechanisms responsible for the occurrence of these humoral principles, and to set up appropriate experimental conditions for revealing their sites of origin in specific tissues as well as the environmental and cellular factors concerned with their formation and inactivation. A correlation of in vitro and in vivo phenomena was made possible by the rat mesoappendix test of Zweifach and Chambers20 for assaying the vasoexcitor and vasodepressor principles.
Before presenting the experimental data it may be appropriate to sketch the broad outlines of our findings as a background against which these data may be projected."' 2It was found that the vasoexcitor, VEM, which predominates in blood during the initial compensatory phase of shock, had its origin in the kidney and chiefly in the cortex. The vasodepressor, VDM, which predominates during the decompensatory phase was found to arise from the liver, skeletal muscle and spleen.
The mode of origin of these vasotropic principles was investigated by in vitro procedures which permitted a more precise evaluation of the influence of specific environmental factors. Both VEM and VDM were found to be products of anaerobic metabolism; neither was formed by normal tissues under aerobic con- ditions. Furthermore, the tissues to which the origins of VEM and VDM were traced in vivo were also those in which their formation took place in vitro. Finally, it was noted that under aerobic conditions, normal liver possessed the property of inactivating VDM, from whatever source obtained; and that normal renal cortex exhibited an analogous capacity to inactivate VEM under similar conditions. The hepatic VDM inactivation mechanism was found to be preserved during the hyperreactive phase of shock but to undergo a gradual deterioration to total loss during the progression of the hyporeactive stage. This deterioration of the VDM inactivation system could also be induced in vitro by a prior exposure of liver tissue to anaerobiosis.
From these and other correlative studies a concept of shock has been formulated and will be developed in this series of papers. This concept rests on three main types of experimental observations: the sequential appearance of compensatory and decompensatory behavior in the terminal vascular bed during the evolution of the shock syndrome; the regular association of these vascular episodes with the humoral predominance of the renal vasoexcitor, VEM, and the hepatic vasodepressor, VIDM, respectively; and the metabolic alterations during shock in the renal and hepatic mechanisms concerned with the formation and inactivation of these vasotropic principles. This concept would relate the initial compensatory vascular reactions to the appearance of VEA\ in the blood as a consequence of renal hypoxia. The subsequent decompensatory vascular behavior, which culminates in irreversibility, is attributed to the appearance and predominance of the hepatic vasodepressor, VDI\I, as a consequence of the hypoxia of the liver resulting from drastic hypotension. Finally, emphasis is placed on the crucial importance, for the development of irreversibility, of the deterioration during the hyporeactive stage of the hepatic VDM inactivation mechanism, without which the peripheral circulation cannot be liberated from the decompensatory effects of YDMI. con- centration of epinephrine is then determined. This represents the lowest concentration of the drug which, on being applied to the surface of the mesentery, produces a moderate narrowing of the arteriole, sufficient to slow appreciably the blood flow in its capillary branches. It is best to begin with subthreshold concentrations of epinephrine, of about 1:10,000,000 to 1:20,000,000 and to increase the concentration gradually until an effective range is attained. In the anesthetized rat the threshold concentration of epinephrine usually lies between 1: 1,000,000 and 1:6,000,000. Under standardized conditions, the epinephrine value characteristic of a given arteriole will remain relatively unchanged for at least one to two hours. The injection of test samples containing active vasotropic principles will shift the epinephrine threshold. The degree and nature of this change in epinephrine responsiveness serves as an index of the vasotropic activity of the injected material. The samples which are to be assayed are injected into the tail vein, a maximum of 0.5 cc. per 100 to 125 Gm. of rat being used.
Vasotropic substances with which this study is concerned are classified in two categories: potentiators (vasoexcitor material or VEM1) or inhibitors (vasodepressor material or VDMU) of the constrictor response to epinephrine. Substances which produce no detectable change in the reactivity of the peripheral vessels are designated as neutral. A comparison of the vasotropic activity of different samples is made either by noting the duration of the resultant vascular effect, or, in addition, by determining at approximately three minute intervals the precise concentration of epinephrine needed to bring about the control type of vascular contraction. In the present study vasodepressor materials were usually assayed by determining the interval over which vessels remained refractory to the control concentration of epinephrine. The time noted was from the injection of the test sample until the vessels returned to a completely normal response. In quantitating the vasoexcitor material the duration of the increased sensitivity to epinephrine was noted and, in addition, the magnitude of the hyperreactivity was measured by determining the dilutions of epinephrine which were just adequate to bring about the critical response of the arteriole. This latter procedure prevented the undesirable sensitization of the arterioles which is produced by repeated applications of epinephrine in higher than threshold concentrations.
An example of the procedure used in assaying a vasodepressor sample is given in figure 1 . In this test the arterioles remained refractorv to a threshold concentration of 1:2 million for 28 minutes. This sample was therefore classified as a 28 minute V'DM1. A protocol in which tests were made to determine the precise concentration of epinephrine needed to produce the control type of arteriolar response is illustrated in figure 2 . The area between the base-line and the curve, a function of both duration and intensity, gives a more precise measure of VD2M activity.
A test for vasoexcitor material is illustrated in figure 3 . In this instance it was necessary to dilute the original threshold concentration of epinephrine (1:2 million) sixfold to obtain the same degree of vasoconstriction as during the control period. The epinephrine response gradually returned from this peak of hyperreactivity to the control level. In addition to the studies of the vasotropic content of blood and tissues, data were also obtained on the influence of shock on the oxygen consumption of liver and kidney, on the aerobic inactivation of VDM by liver in vitro, and on the capacity of kidney to form VEM on anaerobic incubation in vitro. Although a detailed presentation of these latter aspects of the problem will be reserved for a subsequent paper, it seemed desirable to include some of the data here for the sake of completeness. A general discussion of the hepatorenal mechanisms regulating the metabolism of VDM and VEM is available for reference1 2 The bioassay after the incubation gave a neutral reaction indicating that the preponderance of VEM had not masked the presence of VDM.
These observations point to the kidney cortex as the tissue of origin of the blood-borne VEM present during the hyperreactive stage of hemorrhagic shock. They also demonstrate that there is no significant VDM formation in the liver during this phase of the shock syndrome. During this stage the over-all respiratory metabolism of the liver and kidney is not appreciably altered. The VDM inactivating mechanism of the liver and the capacity of the kidney to form VEM on anaerobic incubation in vitro are well preserved.
b. The Hyporeactive (Decompensatory) Stage. Inasmuch as our primary interest originally lay in the factors concerned with the development of irreversibility, the majority of experiments were designed to provide information as to the vasotropic content of the tissues during the hyporeactive (decompensatory or irreversibile) stage of hemorrhagic shock. This condition is regularly associated with the appearance of increasing amounts of VDM in the blood stream. Eighteen dogs (experiments 14 to 30, table 1) were subjected to graded hemorrhage under pentobarbital anesthesia. The initial bleedings were such as to reduce the blood pressure to levels of 70 to 90 mm. Hg and to sustain these levels for 90 to 120 minutes. Thereafter, the animals were maintained by further bleedings in extreme hypotension (usually below 45 mm. Hg) for periods of 40 to 190 minutes until significant amounts of VDM had appeared in the blood. In most experiments the blood pressure during the final 30 to 45 minutes was at 35 mm. Hg or below.
An example of this type of experiment is shown in figure 5 (experiment 19; see also table 1). Circulatory collapse ensued following the gradual withdrawal of blood equal to 5.6 per cent of the body weight and the maintenance of blood pressure below 45 mm. Hg for 90 minutes. Twenty-five minutes before death there was no response of the blood pressure to the reinfusion of 40 cc. of blood. At death, the blood serum showed a high concentration of VDM. Saline washes of the liver and skeletal muscle also contained VDM in considerable quan- .i te-CM c 10o qC' t-10-00 0 -- .t x x x x x xX X X X X X X 0000 0 0 0 0 to L0 t0 10 10 v v Although it was felt that the contribution of splenic VDM to the development of hyporeactivity was of little significance, in view of the abundant evidence of its markedly contracted state throughout and hence its virtual exclusion from the circulation,23 more direct evidence for this inference was provided by an experiment in which hemorrhagic shock was induced in a splenectomized dog. Graded hemorrhage, with the withdrawal of blood equal to 4.7 per cent of body weight, led to the typical blood pressure changes previously described and to the sequence of humoral and tissue vasotropic events characteristic of animals with intact spleens.
These findings as to the vasotropic content of the tissues in the hyporeactive stage of hemorrhagic shock may be summarized as follows. VDM has its origin in liver, spleen and skeletal muscle. The concentrations in the liver, as determined in fivefold dilutions, appear to be as great as and are probably greater than the concentrations in plasma which was assayed in undiluted form. Although there is only a slight reduction in over-all oxygen consumption, the VDM inactivation mechanism of the liver is profoundly impaired. The concentrations of VEM in the kidney wash are lower than during the hyperreactive phase, and the ability of the kidney to form VEM on anaerobic incubation may be lost; however, the oxygen consumption of the kidney is still in the normal range.
c. Hyporeactive Shock Studied after Blood Replacement. In the previous section it was pointed out that the amount of VEM in the kidney wash during the hyporeactive phase of hemorrhagic shock was generally less than that observed during the hyperreactive phase; indeed, in experiment 29, dog D120 ( Three unanesthetized dogs (experiments 11 to 13, table 1) were bled so as to achieve the same degree and duration of hypotension which had uniformly produced hyporeactivity and VDM formation in the liver in dogs subjected to hemorrhage under pentobarbital anesthesia. The arterial cannula for recording blood pressure was introduced into the femoral artery under procaine anesthesia.
Figure 7 (experiment 12, dog WH8) provides an example of the response of the unanesthetized dog to graded hemorrhage with the removal of 4.7 per cent of body weight of blood. Circulatory failure developed 215 minutes after the initial bleeding and following a period of hypotension below 45 mm. Hg for 100 minutes. A blood sample taken at this time showed VEM in contrast to the VDM usually found in anesthetized dogs following an equivalent period of hypotension. The liver wash at this stage was completely free of VDM activity. Skeletal muscle had only small amounts of VDM. The kidney contained unusually large amounts of VEM, the wash producing in the test rat a thirtyfold increase in the reactivity to epinephrine. The oxygen consumption of the liver was in the normal range. The liver capacity for inactivation of VDM was unimpaired.
In the other two dogs of this group (experiments 11 and 13) VEM was present in the blood of one at death; the blood of the other gave a neutral reaction. Liver washes of both animals were devoid of VDM; instead they manifested vasoexcitor activity, presumed to be blood borne. VDM of mild activity was present in the skeletal muscle wash. The livers of all three of these animals were firm and pale and bled only slightly when incised, in contrast to the friable engorged livers of anesthetized dogs with the same degree and duration of hemorrhagic hypotension.
The formation of VDM by the liver, therefore, does not appear to be specifically dependent on the duration or degree of the hypotension, per se. The circumstance responsible for the inauguration of VDM formation by the liver would appear, from in vitro and in vivo experiments, to be the extent to which hypotension leads to liver hypoxia during the shock syndrome. The evidence for this conclusion will be given in detail in a subsequent paper dealing with the mode of origin of VDM and VEM.
In This experiment provides additional evidence that no VDM formation takes place during the hyperreactive phase of hemorrhagic shock, that VDM is present in the liver prior to its appearance in the blood and that the concen-1 -8 trations in the liver are greater than in the blood taken simultaneously. It also demonstrates that the liver sustains a progressive impairment of its VDM inactivating mechanism during the hyporeactive stage of the syndrome. The regularity with which this deterioration occurs is evident from figure 9 , which summarizes our data on the liver inactivation mechanism in normal animals and in the hyper-and hyporeactive stages of experimental shock.
Evidence of another type was provided as to the sequence of humoral vasotropic events during the evolution of the shock syndrome. Hemorrhagic shock was produced in dog 186 (not included in the tables) and blood removed for bioassay during the hyperreactive, transi figure 10 . The blood at death contained a mixture of V1E1M and VDIM, the latter predominating. The saline wash of the liver, despite a 1:5 dilution, exhibited even greater VDM activity. In addition the VD)M inactivating capacity of the liver was completely lost. There was a high content of VDM in the wash of skeletal muscle. The kidney wash exhibited VEM activity. Saline A protocol is given in figure 13 of the findings in experiment 62 with dog D4 subjected to tourniquet shock after renal occlusion. The dog was anesthetized with sodium pentobarbital, 30 mg. per Kg., and arterial tourniquets were applied about both hind limbs for nine hours. Prior to the release of the tourniquets an additional 10 mg. per Kg. of pentobarbital was administered and both renal pedicles tied off. The tourniquets were released about 20 minutes after the bilateral renal occlusion. The presence of VDM in the blood sample taken seven minutes after the release of the tourniquets indi- cated the absence of a hyperreactive stage and the unusually rapid onset of hyporeactivity. Subsequent blood samples showed a progressive increase in VDM content. At death, the liver contained large amounts of VDM and had completely lost its inactivating capacity.
Death occurred in dog WH17, (experiment 63) with unusual rapidity, the blood pressure (which had fallen to 70 mm. prior to tourniquet release) dropped abruptly and profoundly after release of the tourniquets. The animal went into circulatory collapse within 25 minutes. The blood at this time contained VDM as did the wash of the liver removed at death.
These experiments served to establish the muscular origin of the VDM which may be present in the blood early in tourniquet shock. The rate of VDM formation in liver under complete anoxia, a phenomenon which will be dealt with in the following paper of the series, is too slow to have been responsible for the VDM content of the blood in these two animals, especially dog D4 in which VDM was present seven minutes after release of the tourniquets. Further evidence is supplied by the experiment described above (experiment 48, table 2, fig. 11 ) in which separate analyses were made of peripheral blood and of blood from the previously occluded limbs obtained by catheterization of the inferior vena cava. support for the participation of renal VEM in the shock syndrome was provided by resorting to renal occlusion under experimental conditions in which recovery had uniformly occurred following transfusion. Unanesthetized dogs subjected to hemorrhagic shock by graded bleeding remain hyperreactive, with VEM in the blood, throughout the syndrome and either die in circulatory collapse because of the magnitude of the blood loss or recover if transfused. The circulatory exclusion of the kidney in such animals should provide a critical test of the importance of the renal contribution to the compensatory vascular reactions of the shocked animal.
Four such experiments were carried out (experiments 58 to 61, table 3). In each the left kidney was exteriorized in the flank and the right kidney removed two to three weeks later. A period of 8 to 33 days was allowed for recovery from the second operative procedure. The exteriorized left kidney was then tied off under local procaine anesthesia prior to the induction of hemorrhage.
A representative protocol of a dog (experiment 61, table 3) prepared in this manner is given in figure 14 . The total blood removed constituted 3.8 per cent of the body weight. Bioassays of blood samples drawn during the progression of the syndrome revealed the absence of VEM from the blood. A sample taken 35 minutes after the initial bleeding was neutral; within 65 minutes of the initial bleeding the blood was found to contain a high content of VDM which progressively increased with the prolongation of the hypotension. Five (table 3) . Dog D4 in tourniquet shock under sodium pentobarbital anesthesia. Tourniquets were re'eased after both kidneys had been excluded from the circulation by ties placed around renal pedicles. Note abolition of hyperreactive phase and early appearance in blood of VDM of skeletal muscle origin. (table 3) dog D24, illustrates modification of hemorrhagic shock syndrome in unanesthetized dog resulting from occlusion of renal circulation. Note absence of VEM and appearance of VDM in blood one hour after initial bleeding. Liver biopsy in sixth hour showed marked impairment of VDM inactivation mechanism. Replacement therapy was ineffective in preventing circulatory failure. (Compare figure 7 for findings on unanesthetized dog with intact kidneys.) the VDM, a procedure which does not appreciably reduce the inactivating capacity of normal liver.) The animal was then reinfused with a total of 55 cc. of blood and 245 cc. of a 5 per cent serum albumin solution, equivalent to the volume of blood previously withdrawn. There followed a temporary rise in blood pressure, superseded three hours later by circulatory failure. The blood pressure chart of this animal should be compared with that of the unanesthetized dog with intact kidneys (fig. 7) . In both animals the same degree of hypotension was achieved. In the unanesthetized dog with intact kidneys the blood pressure curve showed regular compensatory rises after each small bleeding, a phenomenon which is characteristic of this type of preparation. In the arenal dog, however, this phenomenon was much less marked and indeed was absent during the period of drastic hypotension.
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The remaining 3 animals in this series behaved in similar fashion. Bioassays of the blood at no time showed VEM, indicating the absence of the hyperreactive stage. VDM appeared and persisted in the blood stream. There was little evidence of compensatory rises in blood pressure following bleeding throughout the syndrome. The blood withdrawn was replaced in 2 of the dogs at 205 and 255 minutes after the initial bleeding; this led to a temporary elevation of blood pressure followed by circulatory collapse. Both dogs were stuporous during the period of drastic hypotension and remained in coma despite blood replacement. The conclusions drawn from the experiments in which the kidney was excluded 'from participation in the shock syndrome may be summarized as follows. In the absence of the kidney, VEM fails to appear in the blood stream at any time during the evolution of the syndrome. Under these conditions, and particularly from the experiments on hemorrhagic shock with unanesthetized dogs it would appear that the animals are deprived of the compensatory vascular hyperreactivity which prevails when VEM is present in the blood. Most conclusive is the failure of the unanesthetized animals to recover following fluid replacement therapy. More direct evidence for the dependence of compensatory vascular hyperreactivity on VEM is provided by direct visualization of the omental vessels during hemorrhagic shock in arenal animals. Such studies have been carried on in this laboratory and will be the subject of a subsequent report; they have shown that under these conditions the compensatory vascular reactivity, which occurs when VEM in present in the blood, is minimal.
DISCUSSION
The experiments reported here have added a new metabolic derangement to the many already described as occurring in experimental hemorrhagic and traumatic shock. This disturbance involves two new sets of principles: a vasoexcitor, VEM, and a vasodepressor, VDM, whose significance stems from their relation to the compensatory and decompensatory peripheral vascular responses which occur in a regular sequence during the evolution of the shock syndrome. The Formation of these vasotropic principles by liver and kidney and the deterioration of the hepatic VDM inactivation mechanism are associated with relatively minor residual changes in the over-all in vitro oxygen consumption of these tissues. That of the kidney remains within the normal range throughout the hemorrhagic shock syndrome. Russell and associates likewise found no depression of oxygen consumption in kidneys removed from rats in hemorrhagic shock.28 The oxygen consumption of the liver removed during the hyperreactive phase was, on the average, in the higher range of normal; during the hyporeactive stage there was a moderate depression, averaging about 15 per cent. Similar dissociations have been described between over-all oxygen consumption in vitro and derangements in specific metabolic processes in liver such as those concerned with the inactivation of azo dyes and estrogens.29 30 The extent and the time relationships of VDM formation by skeletal muscle vary with the type of procedure, whether hemorrhagic or tourniquet shock. There may be little or no formation during the hyperreactive stage of hemorrhagic shock. This may be a consequence of the usual brevity of this stage with the experimental procedure employed, since in vitro experiments have shown that VDM formation in skeletal muscle proceeds at a slower rate than in liver.2 In addition, the VDM in skeletal muscle during the hyperreactive stage may be masked in the rat test by blood-borne VEM. Moderate amounts of VDM are usually present in muscle during the hyporeactive stage. In tourniquet shock, the extent of VDM formation in the muscles of the occluded limbs is conditioned by the period over which the tourniquets are applied, the VDM concentrations rising with time. After 8 to 10 hours of limb constriction in the dog, considerable amounts of VDM are discharged into the circulation upon release of the tourniquets. The rapidity with which this discharge occurs (as early as seven minutes) is best shown in the arenal animal in which the presence of VDM in blood is not masked by the parallel occurrence of VEM. Thereafter, and until death, the VDM content of skeletal muscle remains high. The larger skeletal muscle VDM contribution in tourniquet shock constitutes an important difference from hemorrhagic shock and may be a factor in the lower tolerance of animals in tourniquet shock to equivalent degrees of oligemia and hypotension.
The exact time of onset of VDM formation by spleen was not established. High concentrations are consistently present in spleens removed during the hyporeactive phase. It is probable that the contribution of splenic VDM to the systemic circulation in shock is negligible for two reasons: first, the markedly contracted state and reduced blood flow in the spleen throughout the shock syndrome,23 and secondly, the action of the liver in filtering out and inactivating the VDM in the portal vein blood, thereby preventing its appearance in the systemic circulation. Furthermore, in a splenectomized, as compared with the normal dog, no difference was observed in the time of appearance of humoral VDM during the evolution of hemorrhagic shock.
In view of the multiplicity of factors involved, experiments with the living animal can provide only suggestive evidence as to the mode of origin of these vasotropic factors. In vitro studies have shown that anaerobiosis per se regularly leads to the formation of these principles by the same tissues to which their genesis has been traced in vivo. Information provided by studies on animals in shock by other workers would suggest that the tissue hypoxia which prevails during the syndrome may also be responsible for the sequential formation of these principles in vivo.
It is well established that the oligemia and hypotension of shock result in profound alterations in renal blood flow.31' 32 the experiments of Van Slyke33 and others being of particular relevance. In dogs under pentobarbital anesthesia, at the moderate hypotensive levels (60 to 70 mm. Hg) which we have found to be associated with the appearance of VEM in blood, they observed a prompt and marked reduction in renal blood flow. During the more drastic hypotension which leads to hyporeactivity and the replacement of VEM with VDM predominance, they found the renal blood flow, as measured by clearance methods, to be negligible. Thus renal hypoxia could account for VEM formation; and the virtual absence of a renal blood flow with drastic hypotension could contribute to the determination of the hyperreactive phase by preventing the further discharge of VEM into the general circulation. There is one additional consequence of prolonged hypotension: the reduction to complete disappearance of VEM from the kidney, and the eventual loss of the ability to form VEM, as evidenced by subsequent anaerobic incubation of the kidney in vitro. Apparently, during prolonged anaerobiosis in vivo there is a gradual disappearance of VEM within the kidney, as well as a deterioration of the systems concerned with its formation.
It is of interest in this connection that Lunanesthetized dogs, in shock induced by the type of graded hemorrhage employed in this study, remain in the hyperreactive stage with VEM in blood throughout the syndrome, despite drastic hypotensive levels comparable to those which lead to hyporeactivity and VDM predominance in anesthetize(d dogs. This would argue for the persistence in the unanesthetized dog of some degree of renal blood flow at hypotensive levels which curtail it completely in the anesthetized dog.
Somewhat different time relationships exist for the onset of anaerobic metabolism in the liver. During periods of moderate hypotension (60 to 70 mm. Hg) in anesthetized dogs, the reduction in hepatic blood flow is apparently insufficient to initiate anaerobic processes. This is evident from the data of Van Slyke33 and Zweifach, Hershey and associates"4 who observed no rise in blood ammonia or uric acid with this degree of hypotension. Inasmuch as both constituents are maintained at normal levels in blood by oxidative processes in the liver, the persistence of oxidative metabolism is indicated. The maintenance of aerobic metabolism in the liver in the face of a reduction in blood flow during the period of moderate hypotension may be attributable to the fact that the blood supply to the liver is ordinarily in considerable excess of its oxidative needs. This is suggested by the preservation of a relatively normal metabolism by livers in which the hepatic artery has been made the sole source of blood supply.3' However, with the more drastic hypotension, which in our studies has been shown to be associated with VDM formation, sharp rises occur in both blood uric acid and ammonia levels. These observations are compatible with the hypoxic origin of hepatic VDM.
The same explanation could also apply to the deterioration of the hepatic VDM inactivation mechanism during the hyporeactive phase.
In vitro studies have shown that a comparable deterioration follows exposure of normal liver to anaerobiosis.2 Indeed, normal liver so treated, as well as liver removed during the hyporeactive phase, may continue to form VDM in vitro upon the restitution of aerobic conditions.36 Wilhelmi and Long'6 have called attention to analogous defects in a variety of liver functions after profound shock in rats, as for example, the reduction in the rates of urea formation and deamination. Govier and Grieg37 have demonstrated the (lestruction in the anoxic liver of several coenzymes, as xxell as the inactivation of the specific proteins with which these cofactors operate.
Hypoxia could likewise account for VDM formation by spleen and skeletal muscle in view of the marked reduction in blood flow through these tissues in shock.
In considering the implications of these experimental findings for the hemodynamics of shock, it is well to keep in mind the difficulty of accurately assessing the role of any one factor because of the complexity of the vascular responses to fluid loss and hypotension, and their variability under different experimental conditions. The vascular response to blood loss is of a dual character. Neurogenic factors come into play rapidly, and by virtue of their effects on the larger arteries and arterioles account for the major portion of the immediate vascular response. The local peripheral homeostatic mechanisms come into play more gradually and are potentiated by local tissue and humoral factors, such as those with which this study is concerned. The relative contribution of each of these components will, however, vary with the experimental conditions. In acute massive hemorrhage, for example, the neurogenic component may be exaggerated to such an extent that arterial vasoconstriction is almost complete and the tissues virtually deprived of blood flow. Under these circumstances there is no evidence of a significant contribution by the peripheral homeostatic mechanisms to the restriction of the peripheral blood flow. On the other hand, in shock associated with minor or very gradual blood loss, the peripheral homeostatic compensatory changes may be of major importance from the very onset of the syndrome, with a minimal neurogenic contribution.38 It is apparent that the subsequent decompensatorv phase will also differ under the different experimental conditions cited above. Thus, circulatory failure will follow acute hemorrhage without the participation of peripheral vascular decompensatory influences, whereas the importance of decompensatory changes in local homeostatic mechanisms is emphasized by the more gradual type of bleeding utilized in the present study.
With these considerations in mind, we are now prepared to examine the extent to which our concept of shock, which is predicated on the participation of these new vasotropic factors, can provide a causal basis for the evolution of the vascular pattern which culminates in circulatory failure.
The first premise of this hypothesis is that VEM and V1DM are causally related to the vascular hyper-and hyporeactivity in the mesentery. This is suggested by the passive transference to the corresponding vessels of the test rat of the same type of hyper-or hyporeactivity (as measured by the response to topical epinephrine) which is exhibited by the mesenteric vessels of the shocked dog at the time the blood sample is drawn. Somewhat more direct evidence is provided by certain of the experiments included in this study.
With respect to VEM and the compensatory adjustments to blood loss, the observations on the arenal unanesthetized dog are regarded as consonant with a causal relationship. The development in this animal, in the absence of VEM, of V1DM predominance in the blood, deterioration of the hepatic VDM inactivation mechanism and irreversibility is in sharp contrast to the unanesthetized animals with intact kidneys in whom hypotension induced by the same procedures is associated with sustained VEM predominance in blood, no derangements in the hepatic VDM mechanism and persistent reversibility. In a subsequent study (to be published) involving direct visualization of the mesenteric vessels of arenal anesthetized dogs in hemorrhagic shock, it was noted that in the absence of VEM, the compensatory hyperreactivity was minimal. The second aspect, the causal relation of VDM to vascular hyporeactivity, was explored by means of experiments with tourniquet shock (9 to 10 hours) in which the tourniqueted limbs were taped or encased with plaster to minimize fluid loss. In contrast to animals with untaped limbs, the initiation and progression of the syndrome could not be attributed to a primary reduction in blood volume by extravascular leakage into the extremities which had been occluded. Direct visualization of the mesenteric vessels in previous experiments of this type' had demonstrated the early deterioration of the initial compensatory vascular reactions and their replacement by decompensatory behavior which progressed in typical fashion to peripheral circulatory collapse. In the experiments reported here, large amounts of VDM were discharged into the circulation by the damaged limbs from the moment of tourniquet release and thereafter throughout the syndrome. The concentrations were such as to gain predominance rapidly over the VEM which the kidneys were discharging into the blood stream. The initial abrupt fall in blood pressure may have been due in part to the opening up of the vascular bed in the occluded limbs as well as to the release of tissue breakdown products with histamine-like action and of vasodilators such as adenylic acid and adenosine compounds; but the subsequent decompensatory vascular changes could not be attributed to these specific agents. Their injection into the blood stream of the normal rat produces widespread dilatation of the larger arteries and arterioles, unlike the entirely peripheral effects of VDM.43 Furthermore, the effects of these nonspecific vasodilators in the shocked animal are transitory and readily differentiated from the subsequent decompensatory peripheral vascular changes which persist throughout the rest of the syndrome in association with VDM predominance. The weight of evidence, despite its somewhat circumstantial character, appears favorable to the causal relation between VEM and VDM and the mesenteric vascular reactivity with which they are temporally associated, a relationship which is essential for the further development of this concept of shock.
We are now ready to examine the second major premise of this theory: that the progression of the shock syndrome to irreversibility and peripheral circulatory failure is attributable in large measure to the decompensatory vascular effects of VDM. If it could be assumed that the decompensatory vascular pattern seen in the mesentery develops to the same extent in other parts of the body, there would be no obstacle to the acceptance of this concept. However, it is highly probable that this is not the case, especially in the circulation of skeletal muscle and skin, even though the architecture of the terminal vascular bed is essentially the same as in the mesentery and the responses to VEM and VDM might be assumed to be similar. Other factors operate in the extremities, such as intense and preferential vasoconstriction and the shunting of blood directly from arteries to veins. The resultant extreme ischemia would prevent the full peripheral decompensatory pattern from developing and thereby reduce the extent to which blood is diverted into the capillary bed of these tissues. Hence this premise could only be valid (1) if the pattern of decompensatory vascular changes observed in the mesentery also developed fully in related abdominal viscera, especially the liver and gut, and (2) if the consequent local diversion of blood from the effective circulation into these organs during the latter part of the syndrome were sufficient to account for the progressive deterioration of the circulation. There is strong evidence that this is the case. During the hyporeactive stage, in contrast with the pallor and firmness of the abdominal viscera during the hyperreactive phase, the liver is engorged with poorly oxygenated blood and bleeds freely when cut; and the intestinal tract is the site of extensive congestion and hemorrhage.
In the irreversible cases after transfusion this condition is usually even more marked in these organs; in addition, the kidney is often intensely congested with stagnant blood. The importance of the alterations in the splanchnic circulation for the hemodynamics of shock has long been appreciated by workers in this field. The progressive increase in intrahepatic resistance has been securely established, as well as the reduction in the outflows of blood through the hepatic vein. This interference with hepatic blood flow would be anticipated from the ordinarily low pressure gradient through the liver. Wiggers and associates44 point out that the blood flow through the liver in late shock is reduced to a greater extent than is suggested by changes in the systemic and portal pressures. Another consequence of the increased hepatic resistance is a profound reduction of the oxygen tension in the portal venous blood favorable to hepatic hypoxia.'6 35 Selkurt and associates45 have shown that an increased portal pressure per se may lead to peripheral circulatory collapse, with intestinal changes characteristic of hemorrhagic shock.
These data have been reinforced by studies involving direct visualization of the mesenteric circulation. 22 The drainage of blood by way of the large mesenteric venous channels may be used as an index of hepatoportal resistance. During periods of vascular hyperreactivity, the flow of blood in the large mesenteric veins draining into the portal system remains slowed but continuous; and following transfusion the venous drainage improves rapidly, indicating that there is no marked resistance in the hepatoportal system. In irreversible cases, as hyporeactivity develops in the mesentery, the outflow of blood through the large veins is very sluggish. Following transfusions, despite the elevation of blood pressure to levels comparable to those established in the cases which are reversible, the outflow remains unimproved or becomes even more stagnant. These observations indicate the persistence, despite transfusion, of a relatively high hepatoportal resistance during the irreversible state.
Direct visualization of the mesenteric circulation in reversible and irreversible shock has also demonstrated a consistent relationship between the vascular reactions in the mesentery and the over-all response to transfusions.
Striking differences were revealed between animals which recovered and those in whom shock was irreversible. In animals with reversible shock the circulation shows an immediate improvement before the blood pressure has risen appreciably. Thereafter, as the blood pressure continues to rise, there is a return of the normal tone to the vessels of the terminal vascular bed and the blood distribution once more becomes confined to the preferential channels, just as in the resting state. On the other hand, in animals in which shock proves irreversible, transfusions produce a temporary improvement in blood flow only after the blood pressure has risen; the circulation then again begins to slow(down and the blood pressure once more resumes a downward course.
The sequestration of blood within the liver and the consequent increase in intrahepatic resistance in terminal shock has had no adequate explanation for its genesis. Amongst the mechanisms suggested has been the hepatic sluice46 by which the sphincteric contraction of the orifice of the hepatic vein might lead to pooling by increasing the resistance to venous outflow of blood from the liver. The restriction of this specific mechanism to a few species makes it inapplicable as a general explanation of this phenomenon. Intrahepatic pooling has been observed in shock in species such as the rabbit, rat and guinea pig which are devoid of such a mechanism. It is here suggested that this pooling may be ascribed to high concentrations of VDM within the liver, acting locally to bring about decompensatory vascular changes similar to those observed in the mesenteric vessels. As has been pointed out above, increased intrahepatic resistance and pooling do not occur during the hyperreactive phase but only in association with mesenteric vascular hyporeactivity and VDM formation within the liver. This is in direct accord with the logical development of our concept. Knisely has called attention to the large number of sphincters in the vascular bed of the liver.47 These occur at the proximal and distal ends of the sinusoids traversing the liver lobules. They are also particularly abundant at the arteriovenous anastomoses of the terminal divisions of the portal vein and hepatic artery just before they drain into the sinusoids. These sphincteric arrangements permit wide fluctuations in the relative amounts of arterial and portal venous blood passing through the liver lobule. In addition, these sphincters by their relaxation would expand the capacity of the vascular bed and provide the mechanism for extensive pooling within this highly vascular and expansible organ. The temporal relationships between pooling and VDM formation within the liver would suggest that V1DM may be the specific local stimulus for sphincteric relaxation.
Skeletal muscle trauma, caused in these experiments by tourniquet occlusion, results in the early release of muscle VD-M into the circulation and introduces a variable which modifies the time relationships of intrahepatic pooling. This stems from the ability of the liver to filter out V1DM from the blood stream and to accumulate high concentrations locally prior to the onset of liver hypoxia and hepatic VDM formation. The selective accumulation of VD1M from the blood stream by the liver (unpublished data) is evidenced by the high concentrations of VD)M in the liver of eviscerated rabbits at a time when there is none remaining in the blood stream following the intravenous injection of a VD1M concentrate. A similar accumulation was also noted in the taped limb experiment previously described. Such an accumulation of VD1\I in the liver and its local circulatory consequences should predispose the liver to the hypoxia which in turn initiates local VDM formation within that organ.
Once this entire set of decompensatory vascular changes has fully developed in the splanchnic area, the animal has become irreversible to transfusions. In our concept of shock, the ineffectiveness of transfusions at this stage is postulated to be a consequence of their failure to reverse the metabolic derangements of the VDM and VEM mechanisms, and their resultant decompensatory vascular effects. The observed persistence or even exacerbation of these specific metabolic and vascular defects is compatible with this postulate. Following transfusion there will usually be a temporary reduction or even an abolition of VDM activity in the blood, presumably due to the effects of dilution and to other properties of blood now under investigation. This is accompanied by a temporary improvement in the mesenteric circulation. Thereafter the concentration of VD1M in the blood rises and remains elevated, with a return of the full decompensatory pattern in the mesentery, until collapse ensues.
Relevant studies in the literature indicate that it is unlikely that transfusions can effectively increase the blood flow through the liver at this stage. Observation on the inesentery following transfusions show no improvement in the flow in the large mesenteric veins despite the elevation of blood pressure to nearly normal levels and a rapid inflow of blood on the arterial side. The failure to correct the intrahepatic hemodynamic state would result in the persistence of local hypoxia and V1DM formation and provide an explanation for the recurrence of VDM in blood after transfusion. However, even though the blood flow could be restored to the liver during this stage, as by the viviperfusion procedures of Frank, Seligman and Fine,4" the restoration of oxidative conditions per se within the liver need not be effective in correcting the derangements in VDAM metabolism. In vitro experiments have shown that once damage to the VDM inactivation mechanism has been sustained it is not repaired by the restoration of oxidative conditions for periods up to three hours; and the liver continues to form VDM in oxygen. Hence this defect of the V1DM inactivation system may become critical for the ultimate recovery of the circulation. These inferences are reinforced by the failure of Fine and co-workers48 to reverse the syndrome at this stage by direct arterial perfusions of the liver through the splenic vein for as long as two hours.
These observations are also relevant to the findings in the type of viviperfusion experiment in which the blood from the shocked animal is passed through the circulation (including the splanchnic area) of a normal dog before being returned to the donor animal, without influencing the downward course of the shock syndrome. The question has been raised as to why the liver of the normal recipient should not have corrected the VDM disturbance in the shocked animal.48 It is apparent from the above data that merely clearing the blood of VDM does not rectify the metabolic defect in the liver of the shocked dog.
Evidence of another type suggesting the relation of VDM to the development of peripheral circulatory collapse is furnished by previous studies with rabbits which were partially eviscerated, leaving intact the hepatic arterial supply to the liver.49 Several rabbits which had developed profound hypotension for about 60 minutes following accidental blood loss during evisceration, were restored by blood transfusions until normotensive levels were sustained. They were then injected with a hepatic VDM concentrate prepared by Dr. A. Mazur of this laboratory. In contrast with the rapid disappearance of VDM from the blood of uncomplicated eviscerated preparations, high titers of VDM persisted and there was a progressive fall in blood pressure to shock levels. In these rabbits the initial period of shock and the associated hypoxia of the liver prior to transfusion, had apparently damaged the VDM inactivation system sufficiently to prevent the liver from inactivating this principle. More direct evidence of the specific relation of VDM to peripheral vascular decompensatory behavior would be desirable. The recent identification of hepatic and splenic VDM with ferritin will permit experiments of a more direct and specific character.
All the above evidence pointing to the critical significance of the liver for the development The kidney may also undergo changes during the development of irreversible shock which are not corrected by transfusion and which may contribute to the eventual circulatory collapse. Loss of the capacity to form VEM deprives the animal of a factor which could assist in the restoration of a normal peripheral circulation. It is also noteworthy that the kidney, in common with the other abdominal viscera, may become congested following unsuccessful transfusion. The dilatation and pooling within this organ probably results either from the absence of vasoconstrictor influences of local or neurogenic character or from the presence of a positive deleterious vasodepressor factor, such as VDM. However, the relation of VEM and VDM to these unfavorable intrarenal vascular phenomena must, for the present, remain speculative.
Recent experiments by Reinhard, Glasser and Page50 are interpreted by them as evidence against the liver or kidney playing a significant role in the shock syndrome. Dogs were hepatectomized, with or without the prior removal of the kidneys, subjected to a period of hemorrhagic hypotension and then retransfused. The criteria utilized were the restoration of blood pressure to control levels, the return of the pressor response to intravenous epinephrine, and the shed blood volumes. The complicated character of the experiments did not permit the use of other conventional criteria, such as recovery of the animals, the experiments being of relatively short duration, with a post-transfusion period of one and one-half to four and one-quarter hours. It is doubtful whether the data provided by these experiments can be used to resolve the problem of the role of hepatorenal factors in shock. This is implicit in the authors' statement that they "believe it desirable to avoid the terms 'shock' or 'irreversible shock' as they apply to hepatectomized animals while they do not in any case long survive." Glasser and Page5' utilizing the same procedure for the induction of hemorrhagic shock in normal dogs reported survival percentages varying unpredictably from 23 to 76 per cent. These 76
